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SUMMARY 


This paper reviews a recent extension of the suction analogy for estima- 
tion of vortex loads on asymmetric configurations. This extension includes 
as 3 nnmetric augmented vortex lift and the forward sweep effect on side edge 
suction. Application of this extension to a series of skewed wings has 
resulted in an improved estimating capability for a wide range of asymmetric 
flow situations. Hence, the suction analogy concept now has more general 
applicability for subsonic lifting surface analysis. 


INTRODUCTION 


For lifting surfaces having relatively sharp leading and side edges, the 
commensurate separation associated with the vortex-lift phenomena can have 
considerable impact on the performance of high-speed maneuvering aircraft. A 
detailed knowledge of these flow phenomena, which are referred to as vortex 
flows, is necessary for proper design and analysis of such aircraft. 

For estimating the lift associated with these vortex flows, Polhamus 
introduced the concept of the leading-edge suction analogy (ref. 1). The 
suction analogy states that for the separated flows situation, the potential- 
flow leading-edge suction force becomes reoriented from acting in the chord 
plane to acting normal to the chord plane (a rotation of 90°) by the local 
vortex action resulting in an additional normal force. (See insert on 
fig. 1.) The reasoning is that the force required to maintain the reattached 
flow is the same as that which had been required to maintain the potential 
flow around the leading edge. 

An application of the suction analogy is shown in figure 1 for a 75° 
swept sharp-edge delta wing at a low subsonic Mach number taken from reference 
2. Both lift as a function of angle of attack and drag due to lift are seen 
to be well estimated by the analogy. Since the original application, the 
suction analogy concept has not only been applied to more general planforms 
(refs. 3 and 4) but, also has been extended as shown in figure 2 to account 
for side-edge vortex flows (ref. 5). 

Whereas the theories of references 1 to 5 have dealt with estimating 
the effects of separation-induced vortex flows on longitudinal aerodynamic 
characteristics for symmetrical configurations having symmetrical loads, it is 
desirable to have a method which allows for asymmetric configurations such as 
oblique or skewed wings, for example, and asymmetric flight conditions such 
as those associated with sideslip or lateral control. 
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Accordingly, this paper presents an overview of a recent extension 
of the suction analogy concept to include asymmetric flow situations (ref. 6). 
Although analysis may be performed on many different types of asymmetric flow 
situations, as shown in figure 3, this paper will focus on the analysis of 
wings with geometric as 3 nranetries and, in particular, on untapered skewed wings 
having separated vortex flows along leading and side edges. The effect of 
forward sweep on side-edge suction is reviewed and the concept of augmented 
vortex lift as developed in reference 7 is applied to skewed wings. 
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le leading edge 
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RESULTS AND DISCUSSION 


Modified Vortex -Lattice Method 


In the analysis of separation-induced vortex flow effects for symmetric 
configurations by the method of references 8 and 9, the potential flow lift 
is computed from, the symmetric vortex lattice and the vortex lift is computed 
from the symmetric potential flow solution by using the suction analogy. The 
application of this technique is not limited, however, to symmetric conditions 
and should be applicable to asymmetric conditions providing the appropriate 

values of K and K can be obtained. 

P V 


Accordingly, the asymmetric vortex-lattice computer program was devel- 
oped from its symmetric progenitors (refs. 8 and 9) to compute potential 
flow solutions about arbitrary thin asymmetric configurations. Once the 
asymmetric potential -flow solution (and, hence, K ) is known, the suction 


analogy may be invoked to compute corresponding asymmetric vortex lift terms, 

K - and K . The method of references 8 and 9 may now be employed by 
v,le v,se ^ V j j 

using the and quantities as computed from the as 3 mraietric potential flow. 


1335 



In applying this analysis to a series of sharp -edged skewed wings, some 
additional aerodynamic effects associated with these wings had to be consider- 
ed. The following sections describe these effects and present the analysis. 

Additional Aerodynamic Considerations 


The effect of forward sweep on side-edge suction was introduced in 
reference 6. On the swept forward portion of a skewed wing, shown in the 
upper portion of figure 4, the leading-edge and side-edge side forces are 
seen to act in opposition to one another and result in regions of positive 
and negative elemental side force. The change of sign of the elemental 
side force would tend to imply that the positive elemental side forces act on 
the side edge while the negative elemental side forces act on the leading 
edge. A comparison of the leading-edge side-force distribution computed by 
integrating the negative elemental side forces on the sweptforward semispan 
with the side-force component of the leading-edge thrust force on the swept- 
forward semispan is presented in the lower left part of figure 4. The agree- 
ment tends to substantiate the implication that the negative elemental side 
forces are in actuality the side-force component of the leading-edge thrust. 

In that this force has already been accounted for in the present method, only 
the positive elemental side -forces inboard of the side edge are integrated to 
compute the side-edge force on the sweptforward semispan. 

In reference 7, Lamar introduced the concept of augmented vortex lift for 
estimation, of loads rising from a vortex persisting downstream and passing 
over lifting surfaces such as the aft part of a wing or a tail. This persis- 
tence results in an additional vortex lift term unaccounted for by the suction 
analogy which deals only with the forces generated along a particular edge. 

Figure 5 illustrates the concept of augmented vortex lift applied to a 
skewed wing. In applying the method of reference 7, the leading-edge vortex 
lift factor developed along the leading-edge length persists over a portion 
of the wing aft of the leading edge taken to be the tip chord. This condi- 
tion results in an additional vortex lift factor which has the same angle-of- 
attack dependence as the other vortex terms. Since the chordwise centroid of 
side-edge vortex lift distributions is generally near the midpoint of the tip 
chord, the chordwise centroid of the augmented vortex lift factor is taken to 
be the midpoint of the tip chord. It should be noted that the augmented vor- 
tex lift occurs only on the downwind side edge. 

As long as the leading-edge vortex remains in the vicinity of the leading 
edge, it will pass over a region of the wing aft of the leading edge that has 
a length roughly equal to the tip chord. The choice of the tip chord for the 
characteristic length is consistent with the assumption employed in this 
analysis that the vortex loads act along the edge from which they originate. 
This assumption is valid as long as a substantial amount of vortex growth 
and subsequent inboard movement of the vortex core is not encountered. 
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Skewed Wing Analysis 


Figure 6 presents a comparison between a swept and a skewed wing of the 
span load and section suction distributions. Although in each case the total 
loads remain essentially the same for both wings, the distribution of the 
load is seen to shift for the skewed wing to the sweptback semispan. A com- 
parison between the separated flow theory and experiment for these two wings 
is shown in figure 7. Data for the swept wing was obtained from reference 10. 
Although the lift is well predicted in both cases, the augmented pitching 
moment for the skewed wing is seen to predict the data well up to an angle 
of attack of approximately 6^; above this angle it overpredicts the data. 

The discrepancy between theory and data for the skewed wing pitching moment 
may partly be attributed to excessive vortex growth and subsequent movement 
of the vortex core inboard as the angle of attack is increased. This behavior 
is illustrated in figure 8. In the application of the suction analogy, the 
vortex loads are assumed to be edge forces and no angle-of-attack dependence 
of the centroids is computed. Moreover, as the vortex moves inboard, the 
amount of the wing over which the vortex passes giving rise to the augmented 
term decreases and may even become negative. Hence, the present application 
of augmentation for moment calculation may only be applicable for low to 
moderate angles of attack depending on how much variance c^ will experience as 
a function of a . 

Figures 9 to 11 present lift, pitching-moment , and rolling -moment 
characteristics of several skewed wings having an aspect ratio of one and 
varying leading-edge sweep. A configuration having a cylindrical fuselage 
0.24b in diameter and 1.85c^ in length with a midwing is also presented. 

In all cases, the lift was well estimated by including the edge-vortex 
and augmented-vortex contributions. Similarly, the nonlinear pitching -moment 
trends were well predicted by the edge-vortex contribution, the augmentation 
enhancing the prediction at low to moderate angles of attack. The potential- 
flow pitching-moment curve is seen to have a sign opposite from that of the 
data. Rolling moments were well predicted by the edge-vortex terms up to 
approximately 8° where the inboard vortex movement became significant; this 
condition caused a sign reversal in the data except for the wing-fuselage 
configuration. The primary effect of the fuselage is to break the leading-edge 
vortex into two pieces, one emanating from the wing apex and bending down- 
stream at the right-wing fuselage jxincture and the other emanating from the 
left leading-edge fuselage juncture and bending downstream at the left wing 
tip. Regenerating the leading -edge vortex with the fuselage substantially 
decreases the extent of inboard movement of the vortex as exhibited by the 
agreement between theory and experiment for the pitching- and rolling-moment 
coefficients of figures 10 and 11. 

Figures 12 to 14 present the lift, p itching -moment , and rolling -moment 
characteristics of several skewed wings of varying aspect ratio. As in the 
previous case, the lift was well predicted for the three wings. The experi- 
mental pitching moments are well predicted by including the augmented term, 
but the experimental rolling moments still depart from the theory at 
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approximately 6°. Hence, for these wings the chordwise distribution of the 
load is being well estimated whereas the spanwise distribution of the load 
can be estimated only as long as a substantial inboard movement of the vortex 
is not encountered. 


CONCLUDING REMARKS 


This paper has presented a recent extension of the suction analogy for 
the estimation of potential and vortex loads on asymmetric configurations. 

The analysis has been accomplished by the development and application of an 
asymmetric vortex-lattice computer program which may be used to compute the 
potential and vortex loads on asymmetric configurations. la applying this 
to a series of sharp-edge skewed wings, the effects of forward sweep on side- 
edge suction and of a skewed geometry on augmented vortex lift have been 
accounted for. Total loads have been well predicted whereas pitching and 
rolling moments have been well predicted only as long as the assumption that 
the vortex loads act along the edge from which the vortex has originated is 
not violated. Hence, the suction analogy concept may now be applied to a 
wider range of isolated planforms resulting in an improved estimating capa- 
bility of separation-induced vortex flow. 
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O EXP. (REF. 2) 



Figure 1.- Original application of leading-edge suction analogy. 



SUCTION FORCE 

C -K sin acos^a + (K^ 5g)|sina|sinacosa 


’^^ofure 2,- Vortex-lift concept: suction analogy application 

to leading edge and side edge. 









O PRESENT EXPERIMENT 



Figure 7.- Longitudinal characteristics of a swept and a skewed wing 

A = 45; A - 1. 





(c) A = 45 ; A = 1; a = 15 . 
Figure 8.- Vortex flow on a skewed wing. 
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